The naturally occurring enediyne antibiotics are a unique class of antitumor drugs that combine reactive enediynes with additional structural features conferring affinity for DNA. Dynemicin A, in which an enediyne core is attached to an anthraquinone group capable of DNA intercalation, readily cleaves double-stranded DNA. This activity is thought to be the basis of its potent antitumor cytotoxicity. To investigate cell-specific mechanisms of cytotoxicity in the absence of DNA affinity, we have synthesized a variety of dynemicin-like enediynes that lack the anthraquinone moiety.
lation, readily cleaves double-stranded DNA. This activity is thought to be the basis of its potent antitumor cytotoxicity. To investigate cell-specific mechanisms of cytotoxicity in the absence of DNA affinity, we have synthesized a variety of dynemicin-like enediynes that lack the anthraquinone moiety.
We have found that the cytotoxicity of these compounds is dependent on their chemical instability and their enantiomeric form. Their selective toxicity results from a potent induction of apoptosis primarily in human leukemic cells. A group of synthetic enediynes were designed to be highly stable. These compounds were found to inhibit apoptotic cell death. This inhibition was observed in competition with the chemically unstable enediynes, including dynemicin and calicheamicin. The stable synthetic enediynes could also block the apoptotic morphology induced by unrelated cytotoxic agents such as cycloheximide, actinomycin D, and ultraviolet radiation. The results suggest that the cellular target(s) of synthetic enediynes may play a central role in regulating programmed cell death; a specific receptor4ligand interaction is proposed.
Recently, considerable effort has been made to identify compounds that can regulate programmed cell death (apoptosis) in specific cell types. The control of apoptosis in specific cells has crucial relevance to developmental biology (1, 2) , treatments for viral (3, 4) and bacterial (5) pathogens, and cancer chemotherapy (6) . Apoptosis represents an active process whereby selected cells undergo drastic morphological changes involving chromatin condensation and degradation of genomic DNA into nucleosomal fragments (7) prior to disintegration into structures suitable for phagocytosis (8) (9) (10) . Apoptosis is known to be involved in developmental and tissue-specific processes that require removal of cell populations (11, 12) , in immunological processes of cell selection (13) (14) (15) , during Shigella invasion of colonic mucosa (5), in T-cell death resulting from human immunodeficiency virus 1 infection (3, 4) , and during tumor regression (16) (17) (18) (19) .
We have investigated a class of synthetic compounds, the designed enediynes, which are potential regulators of programmed cell death and may be useful as chemotherapeutic agents (20) (21) (22) . Naturally occurring enediynes contain either DNA intercalating groups (such as dynemicin A) (23) (24, 25) and esperamicin A1 (26, 27) ] and are potent DNAdamaging agents due to their ability to generate benzenoid diradicals (28) . Other enediynes were synthesized lacking intercalating or minor groove binding functionalities (20) (21) (22) *To whom reprint requests should be addressed.
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RESULTS
Apoptotic Cell Death Induced by Enediyne 1. Although synthetic enediynes are capable of DNA cleavage (20) , the concentrations required for this activity are far in excess of the physiologically relevant levels. Enediyne 1 kills MOLT-4 cells at 10 fM; however, the concentrations required to cleave supercoiled DNA were found to be in the range of 1 mM (20) . It is well established that dynemicin and calicheamicin can cleave plasmid DNAs at 10 ,uM and 10 nM, respectively (33, 34) . Our cytotoxicity results suggested that enediyne 1, and possibly other enediynes, may accumulate in cells due to an affinity for a target site other than DNA. A 20-min exposure of MOLT-4 cells to 0.1 ,M enediyne 1, followed by lowspeed centrifugation and resuspension in medium without drug, is sufficient for nearly complete cell killing after 22 h (Table 1) . This suggested that enediyne 1 was taken up rapidly by MOLT-4 cells and that a program of cell death was being initiated by the pulse.
Examination of cell morphology after a 4-h exposure of MOLT-4 cells to 0.1 ,uM enediyne 1 revealed the typical characteristics of apoptotic cell death ( (Fig. 1D) .
Exposure of SK-Mel-28 melanoma cells to the same concentrations of enediyne 1 at any time interval up to 24 h did not result in any morphological abnormalities.
DNA isolated from 106 MOLT-4 cells after 4 h of exposure to 0.1 ,uM enediyne 1 clearly demonstrated the characteristic pattern of DNA degradation into nucleosomal fragments (Fig. 1E) (35) . In all cases where apoptotic cell death was apparent, we observed nucleosomal fragments. ZnCl2 (0.5 mM) added to MOLT-4 cells with 0.1 ,uM enediyne 1 inhibited both the nucleosome ladder (Fig. 1E) and all of the morphological characteristics of apoptosis (36) (37) (38) .
Structural Requirements for Synthetic Enediyne Cytotoxicity. Although enediyne 1 is extremely cytotoxic to cells, a variety of other structural analogs have reduced cytotoxicities that may be due to differences in chemical stability (20) . We quantified the chemical stability of the analogs in Fig. 2 by incubation for 10 min at pH 10.5 or 11, followed by measurement of reaction products by HPLC.
The ratio of peak areas of the enediyne before and after the reaction was used as the index of stability. The scheme at the bottom of Fig. 2 depicts a possible rearrangement intermediate (diradical) resulting from nucleophilic attack (Nu) and chemical instability of the synthetic enediynes. With the exception of enantiomers of structure 9, the compounds shown in Fig. 2 are not enantiomerically pure. The chemical stability values were compared to the apoptotic index (39) and the cytotoxicity as measured by dye-exclusion assays (32) .
Various strategies were used to modulate the chemical stability of these enediynes. A key element in the generation of benzenoid radicals is the ability of the enediyne ring to collapse due to the unlocking mechanism involving opening of the epoxide ring by electron donation. Electronwithdrawing groups at the indicated bridgehead position, such as methoxy (enediyne 2), incapacitate the molecule from entering the Bergman rearrangement (at the bottom ofFig. 2). Enediyne 2 is not cytotoxic at 1 ,uM and does not induce apoptosis at that concentration. (-)-9 {enantiomer of (.)-9) (±)-9 (racemic 9) 3-Elimination involving the phenyl sulfoni tached to the ring nitrogen is required for cycloaromatization of some of these enedi3 benzenoid diradicals (compounds 6 and 7 under these conditions, whereas compound ferent type of activation involving ester hydi ical modifications of the trigger would be ex ulate the reactivity and cytotoxicity of th addition, the ability of any particular cell line trigger may be an important factor determinii specificity of these compounds. Methylation ( the a-position (enediynes 3-5) modulates bol stability and cytotoxicity (30, 31) . No 5 x 10-9 Cycloheximide (100 ug/ml) 20 Yes 2 x 10-7 Cycloheximide + 2
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Actinomycin D (1 ,.g/ml) In each case, the initial starting concentration of cytotoxic drug was 0.1 ,uM and the initial starting concentration of enediyne 2 (2) was 0.1 mM. Incubation of cells under the various conditions to determine cytotoxicity was for 3 days at a starting concentration of 105 cells per ml. The IC50 molarity refers to the molarity of the cytotoxic drug and was measured using XTT staining. "Ladder" refers to the presence or absence of a nucleosomal ladder derived from DNA extracted from 106 MOLT-4 cells after the 4-h exposure to drugs or UV.
(-)-9 and (+)-9 readily undergo the Bergman rearrangement reaction in vitro (29, 30) . Enediyne (-)-9, however, is 106-fold less cytotoxic and also has a significantly lower apoptotic index than (+)-9. The differential cytotoxicity of these stereoisomers suggests that cellular factors that can distinguish enantiomeric forms are mediating their biological effects.
Inhibition of Cytotoxicity and Apoptotic Morphology by Stable Enediynes. We performed competition experiments using enediynes of relatively low cytotoxicity such as compound 2. The experiments were designed to determine whether enediynes with low chemical reactivity could block the cytotoxic effects of enediynes with high chemical reactivity. MOLT-4 cells were preincubated at an initial concentration of 0.1 mM enediyne 2 for 1 h. The medium was then made 0.1 AM enediyne 1 followed by serial dilution to determine the IC50 value. These dilutions were compared to the cytotoxic drug alone at the equivalent initial concentration. The results (Table 2 and Fig. 1E ) clearly demonstrate a reduction in the cytotoxicity of enediyne 1 when enediyne 2 is present. Similar experiments were performed in which dynemicin or calicheamicin was used to initiate apoptosis. In each case, the cytotoxicity was reduced by a factor of 102_104.
The reduction in cytotoxicity was also reflected in an absence of the apoptotic morphology of the cells (Fig. 1B) . This was quantified by assigning an apoptotic index to the cell population (Table 2) . In these assays, MOLT-4 cells (105 cells per ml) were preincubated with 0.1 mM enediyne 2 for 1 h followed by 0.1 uM enediyne 1, calicheamicin, or dynemicin for 4 h. In this time frame, the enediynes alone produce a classic apoptotic morphology in 20-40% of the cells. None of the cytotoxic enediynes produce an apoptotic cell morphology in combination with enediyne 2 (Fig. 1B) .
To extend these observations, we coincubated enediyne 2 with initiators of apoptosis that do not contain enediyne functional groups as well as with nonchemical initiators of apoptosis. In many cell lines (40, 41) , including MOLT-4, actinomycin D and cycloheximide are powerful inducers of apoptosis. At concentrations of 1 and 100 ,g/ml, respectively, apoptosis was observed in "30% of the cells after 4 h. In each case, no apoptosis was observed at this time interval when enediyne 2 was present at 0.1 mM ( Table 2) . Exposure of many cell lines to UV radiation frequently results in extensive apoptosis. Using 302-nm UV irradiation, apoptosis was observed in nearly all MOLT-4 cells. Addition of enediyne 2 immediately after the UV treatment appeared to subvert the apoptotic pathway into necrosis since 75% of the cells were fully lysed. Ofthe remaining intact cells, about half had condensed nuclei and half appeared unaffected. Although the cytotoxicity of these treatments is not reduced by the presence of enediyne 2, it is apparent from both the morphological appearance of the cells and from the absence of a nucleosomal ladder (Fig. 1E ) that an apoptotic program is not the mechanism of cell death. Similar results were obtained using the stable enediyne 7 as an inhibitor of apoptosis.
DISCUSSION
Calicheamicin and dynemicin, as well as other naturally occurring enediynes (42, 43) , are potent antitumor antibiotics that are thought to be cytotoxic due to radical generation occurring at the phosphate backbone of nuclear DNA. Calicheamicin in particular has received considerable attention because its plasmid DNA cleavage has been shown to be sequence-selective (34) . If indeed the cytotoxicity of calicheamicin is due to DNA damage, our results demonstrate that this damage is not sufficient to commit MOLT-4 cells to a cell death pathway.
We have found that all of the characteristics of apoptotic morphology induced by a variety of initiators are prevented when MOLT-4 cells are exposed to stable synthetic enediynes. The increased viability of these cells when stable enediynes are coincubated with chemically unstable enediynes demonstrates that the stable enediynes are functional at low concentrations, in the range of 0.01 to 1 nM. The results suggest that these enediyne target sites control the ability of MOLT-4 cells to undergo apoptotic cell death.
Whereas the stable enediynes clearly control the morphology of cell death, they do not result in increased viability when cycloheximide or actinomycin D are used to initiate cell death. For UV irradiation, cell death clearly occurs by necrosis in the presence of stable enediynes, suggesting that necrosis may be an alternate program of cell death when apoptosis is blocked.
The enantiomer specificity of enediyne cytotoxicity as well as the high cell specificity at subnanomolar concentrations is strongly suggestive of a protein-mediated mechanism of action. Candidate mechanisms of enediyne action would have to include classic receptor-ligand interactions, such as the steroid-hormone receptor interaction, although numerous other models are consistent with the results. Direct measurement of cellular uptake and ligand binding in cell extracts will be necessary to define these mediating events. The ability of the chemically stable enediyne 2 to prevent apoptosis in the absence of a dependence on RNA or protein synthesis suggests an interaction with a preexisting population of cellular factors that may regulate the mechanism of programmed cell death. We speculate that the apparent affinity of enediyne 2 for a key component of the apoptotic pathway enhances the ability of this pathway to prevent apoptosis. Enediyne 1, on the other hand, may have an affinity for the same component but acts to interfere with its function by generation of highly reactive free radicals. This hypothesis further suggests that this affinity may be a principal determinant in generating the rearrangement reaction and that the stable enediynes may be molecular mimics of biomolecules that serve to regulate the progression of cell death pathways in MOLT-4 cells. Further definition of the apparent agonist-antagonist relationship of stable and unsta-ble enediynes will require the characterization of their target site interactions.
The thousandfold greater susceptibility of the human leukemic MOLT-4 line compared to all other cell lines tested may be a reflection of the propensity of human leukemic cells to undergo apoptotic death. The target of the synthetic enediynes in MOLT-4 cells may help to define cellular junctions through which apoptotic cell death programs must pass. Conceivably, the synthetic enediynes could act by a mechanism from which a generalized strategy for the control of cell death programs in various cell types might emerge.
